The thermoluminescence activation energy and frequency factor of the main glow of Ca S O 4 : Tm phosphor determined by heating rate method including very slow rates of heating J. Appl. Phys. 97, 123523 (2005) A new method for calculating activation energies and frequency factors from thermoluminescence and thermally stimulated current peaks is described. The validity of this method, as well as of most of the other known ones, is examined for a broad range of energies and frequency factors by the use of a computer. A combination of theoretical and empirical-computational analysis is used to give corrected formulas for some of the previous methods, while only empirical corrections are given for some others. Apart from the maximum temperature, T m , the new method uses the total half width w= Tz-T1, where Tl and Tz are the half-intensity temperatures on the low-and high-temperature side of the peak, respectively. For a first-order peak with a frequency factor independent of temperature, the activation energy is given by E=2kT",(1.26 T m/w-1) where k is Boltzmann's constant. The frequency factor is found for this case to be s=[2tJ(1.26 T",/w-1)/(e2T m )] exp(2.52Tm/w) where tJ is the (linear) heating rate and e is 2.718. For the case where pre-exponential factors depend on temperature as some power function and for secondorder glow peaks, similar formulas are developed for the calculation of activation energies. The relative advantages of the various methods are discussed both from the theoretical and experimental points of view. The m~thod for distinguishing between first-and second-order peaks is also discussed.
INTRODUCTION
An important and convenient method for investigating trapping levels in crystals is the thermal-glow method, including thermoluminescence (TL), thermally stimulated current (TSC) and thermally stimulated electron emission (TSE) measurements. The first method for calculating activation energies by TL curves was given by Urbach,! who found empirically that a reasonable estimate for the trap energy, E in electron volts, is given by E=Tm/SOO where Tm is the temperature of the glow-curve maximum in OK. The first theoretical treatment for a well isolated TL peak was given by Randall and Wilkins,2 who assumed no retrapping and a TL intensity proportional to the rate of change of the concentration of trapped electrons. The equation given by them was (1.1) where I is the TL intensity, s is a constant (having dimension of sec l ) called the "escape-frequency factor" or sometimes just the "pre-exponential factor," n is the concentration of trapped electrons (cm- 3 ) , T is the absolute temperature, k is Boltzmann's constant, and c is a proportionality factor which can be set equal to unity without any loss in generality. The solution of the differential equation in (Ll) is n=noexp ( -(s//3) £: eXP(-E/kT')dT'), (1.2) where no is the initial concentration. This gives (assuming c=l), for the TL intensity
1= -c(dn/dt) =cs exp( -E/kT)n,

I=nos exp( -E/kT)
Xexp ( -(s//3) £: exp( -E/kT')dT') . By differentiating and equating to zero, one finds the condition for the maximum
where T m is the temperature at the maximum. If one has some estimate for the value of s, this could serve as a transcendental equation to be solved numerically for E. Another approximation, more suitable for some of the glow peaks, was given by Garlick and Gibson,S and is represented by the following equation 1= -dn/dt = s'n 2 exp( -E/kT) , ( 
1.S)
where s' is a constant with dimensions of ems sec l .
This case is usually referred to as "second-order kinetics," whereas the previous case is "first-order kinetics." According to Garlick and Gibson, the secondorder approximation applies when retrapping and recombination probabilities are equal. The solution of (loS) is I =no 2 The term in brackets in (1.6), as well as the righthand exponential term in (1.3), varies only slightly at temperatures low in comparison to T m. Therefore I is proportional in this region to exp( -E/kT). This provides a simple means for calculating the activation energy from the slope derived from a plot of In(I) vs liT in the "initial rise" region.3. 4 The initial rise method is expected to be valid for intermediate order kinetics as well. s However, some theoretical 6 • 7 as well as experimental 8 reasons limit its use. 3 G. F. J. Garlick and A. F. Gibson, Proc. Phys. Soc. 60, 574 (1948) . 4 W. Hoogenstraaten, Philips Res. Repts. 13, 515 (1958).
• A. Halperin and A. A. Braner, Phys. Rev. 117, 408 (1960). 6 F. Aramu, P. Brovetto, and A. Rucci, Phys. Letters 23,~308 (1966) . 7 P. Braunlich, J. App!. Phys. 38,2516 \1967). 8 J. Haake, J. Opt. Soc. Amer. 47,649 (1957) . 570 One does not yet have any general operational method for calculating activation energies, which is based on the shape of the glow peak. The first-and second-order approximations are, however, fairly good ones for most of the experimentally found peaks, and all the methods given in the literature are based on one of these assumptions.
A number of methods for calculating activation energies are based on measurement of T m, the temperature at the maximum, and TI and T2, the first-and second-half-intensity temperatures. The formulas for finding the energies by these methods usually contain one of the following factors: (a) T=Tm-TI, the halfwidth at the low-temperature side of the peak, (b) 0=T 2 -T m , the halfwidth towards the falloff of the glow peak, or (c) W=T2-TI, the total halfwidth. By assuming that the area of the half peak toward the falloff is equal to the area of a triangle having the same height and halfwidth, Lushchik 9 showed that the activation energy can be given by (1.7) Once E is calculated by any method, insertion into Eq. (1.4) gives the value of the pre-exponential factor. Using the value of E in the more general form (1.7), one has by insertion into (1.4) s=({3/0) exp(Tm/o), (1.8) which gives s directly. For second-order kinetics, Lushchik found by the same assumption (1.9)
Halperin and Braner" found two general equations for evaluating the activation energy, one for carriers raised into a level within the forbidden gap, ( 1.10) and another for excitation into the band ( 1.11) where /l=2kT m /E is a correction factor, usually of the order of magnitude of 0.1. The value of q depends on the order of the process, and can be found accurately only for strict first-or second-order kinetics. They gave similar equations for excitation to a band and for second-order kinetics. The value of E is calculated from these equations iteratively. A first approximation is found by assuming /l=0, and the subsequent ones are found by inserting the calculated E into /l and thus correcting the E value.
Another method using the value of T was given by Grosswienerll who found ( It is important to note that the validity of the firstand second-order approximations is much larger than that described by Randall and Wilkins 2 and Garlick and Gibson. 3 First-order cases appear for TL in semiconducting crystals,16 for TL when traps and luminescence centers are geometrically adjacentp and for various conditions in TSC measurements. 18 Secondorder peaks might occur, not only when retrapping and recombination are equally probable, but also when the probability for retrapping is much larger than that for recombination. 19 • 2o Two other articles should be mentioned here. Nicholas and Woods 21 reviewed most of the above mentioned methods and used them for experimental results of glow peaks observed in CdS crystals. Typical first-and second-order calculated curves can also be found in this work. Kelly and Laubitz 22 analyzed some of the methods by using computer calculations. The results of their work will be discussed in the last paragraph in comparison with those of the present one.
The scope of this paper is to: (1) introduce a new method for calculating trap parameters by the total halfwidth (w) of a first-or second-order peak, (2) examine and correct some of the other methods using the temperature of the maximum and half intensity, and (3) to discuss the relative advantages of these methods for various concrete cases. This investigation has been done for a broad range of activation energies (0.1::::;E::::;2.0 eV) and pre-exponential factors (10 6 ::::; s::::; 10 13 sec-I) in order to cover all the values found thus far in various experiments. The calculations were carried out by computation of TI , T m, and T2 for each set of E and s, using the IBM 360 computer.
METHODS BASED ON THE TOTAL HALFWIDTH OF A PEAK
A new method for calculating glow parameters by the use of the halfwidth wand the maximum temperature for first-and second-order peaks, and for the possible dependence of the pre-exponential factor on temperature is developed here.
A. First-Order Kinetics, s Independent of T By Eq. (1.3), the intensity at the maximum IS
The integral on the right-hand side can be approximated 8 • 23 by the asymptotic expansion 
The assumption of Lushchik 3 about the equality of the area of the second half of the peak to that of a triangle having the same height and halfwidth can be written as nm=odm, where nm is the concentration of trapped carriers at T m , and Ot is the halfwidth of the second half of the peak in time units. Since Ot=o/,B, the relation can be expressed by Urn/ ,Bnm = 1. A similar assumption about the relation between the total-glow area and a triangle can be written as wlm/,Bno= 1. This assumption can be regarded as two separate assumptions: (a) wl m /{3tli) is a constant, i.e., C.,=wl m /{3tli), (2.5) and (b) C., is equal to unity. The validity of these two assumptions was examined, and the results show (see Appendix) that the first one is good to quite a high precision, whereas the value of C., usually differs from Since C", was found to be 0.878 (Appendix) for this case, the constant 2 C", is now 1.756. In a way similar to the first-order case, it can be shown that a slightly higher constant is preferable in order to account for the dropping of terms of the order of ~2 in the series, and thus a constant of 1.77 was found to be useful here.
C. Temperature-Dependent s Values
As has been said before, the possible dependence of s on temperature is s=s"J'a. The equation governing Keating 13 has shown that for these cases one can use
where ~l= (a+2)kTm/E= (1+ta)~.\The maximum condition is found to be here By the maximum condition (1.4), and using Eq. (3.1),
Using the maximum condition (2.15) we have
which when combined with (3.1) leads directly to (3.6)
C a was found to be 0.853 (variations of ±1.4%) for this case, so that the correction seems to be essential here.
A similar treatment can be used for the cases of preexponential factors dependent on temperature. The method for first-order kinetics with s=s"p is shown here, for example. The intensity in this case is given by Eq. (2.20) with a=2 from which we can write for Tm
The maximum condition (2.23) can be written here as
By using':(3,,1~ we now have
This equation has been given before 5 in the form (1.11)
with q = 1 which, because of the closeness of Ca to unity, C a =0.983 (variations of 0.6%, see Appendix) in this case, gives about the same results (but has to be solved iteratively). It is easy to show that for s=s"ra the result would be similar to (3.10), when akTm replaces 2kT m • As for the second-order kinetics, in a way quite similar to that for a=O, it can be shown that (3.11)
Similarly to C w , the value of Ca was found (Appendix) to be only weakly dependent on a, and thus Ca~0.85 represents an appreciable deviation from the original equation (for a=2).
we get right away
This is the equation of Lushchik 9 multiplied by the correction factors C a which was calculated to be 0.976 with variations of ±0.4% (Appendix). Since this is quite close to unity, the correction given here is rather small.
For the case of a second-order peak where S' is independent of T, let us take the solution of (1.5) for n, and using (1.6) one can see that 
METHODS BASED ON THE LOW-TEMPERATURE-SIDE HALF PEAK
nm/(no-nm) =oCT/(rCa). (4.2)
The lefthand side is equal to Jl.g/ ) appearing in all the expressions for q in (1.10).5 From the equation for first-order kinetics, for example, we get for excitation into a level not in a band,
where the factor C a has to be introduced as in the previous case (Sec. 3). By using (4.2) we get
and similar equations for the other three cases. C was found to be between 0.88 and 0.91 for the various cases.
These equations could be derived, however, from first principles and Eq. (4.1) without going into the somewhat complicated calculations of Halperin and Braner, and with the advantage of getting the corresponding noniterative formulas as follows:
A. First-Order Kinetics, Constant s Value
The expression (4.1) for CT can be written as
[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. 
By using the approximation for the integral (2.3) and inserting the maximum condition (1.4) we have
(4.7)
By inserting (3.2) and (4.7) into (4.5) we have 
which is the criterion of Halperin and Braner 5 for second-order kinetic peaks.
C. Cases of Temperature-Dependent s Values
For temperature-dependent pre-exponentional factors let us take again the case of first-order kinetics and s=s"P. The calculate the activation energies and the preexponential factors by several methods. The method for calculating these temperatures is described in the Appendix. The comparison between the results of the activation energies and frequency factors and the given parameters serves as a check for the accuracy of a method. In some cases it is possible and useful to change empirically some of the constants in the formulas using the results found in this way in order to reduce systematic errors.
A. First-Order Kinetics, Constant s The results for this case are given in Table II . The calculated values of s" are not given in the table for the sake of brevity, but they can be found by Eq. (2.23). It is expected, as in the previous case, that the s" errors will be much higher (in percentage) than the corresponding E values, and that the more accurate methods for finding activation energies will be more precise for finding s" as well.
Column 3 gives the energy found by the corrected method of Grosswiener (1.13). The results are seen to be high by about 2kT m (given in column 4). This shows (without proof) that the correction proved to be necessary for this case in the other methods (paragraphs 2, 3, 4), namely, that 2kT m has to be subtracted to give the correct result, is to be used here also. Column 5 gives the corrected Grosswiener (EG-2kT m ) results. Column 6 shows the results found bv the method of Keating (EK) in Eq. (1.15). Though this method is meant to be useful for all cases of s=s"Ta, it seems that apart from multiplying by some correction factor in a way similar to the case with a=O (about 0.92), one has to subtract akT m to have the correct E value (see also below for a = -2) . "constants" C~, Ca, and COl for first-and second-order peaks, and for some values of the power factor a. The
The I results for this case are given in Table V . ranges of deviations of individual calculated values Columns 3, 4, and 5 give the E L , E T , and E", results from the given average values are given in percents. according to (3.11), (4.32), and (2.28), respectively. The ratio C",/Ca and its range of deviation is also given. These are the same equations as in the previous case The detailed calculations and results are given in the when 2kT m is subtracted. Column 6 gives the results Appendix. of the energies calculated by The result Ca =0.976 is in quite good agreement with the results of Kelly and Laubitz 22 , who have shown that E = 1.68kT1T m/ T -2kT m, (S.2) for the case E/ (kT m)~r1J, the ratio of the triangle area to the half-peak area is 0.985, and it is smaller for finite which is Eq. (5.1) with the suitable correction. As in values of E/ (kT m). Thus, the error in assuming this case D, here also the most accurate method seems to be ratio to be unity is relatively small. However, for the new w method. Corrections of the same sort are second-order kinetics, the ratio of the areas is about expected to hold true for any possible a in s' =s"Ta, 0.85 and the formula for the activation energy has to be namely, subtracting akT m from the expression on the changed substantially. Kelly and Laubitz calculated right of Eq. (5.1) the values of Ca and the correction factor for Gross- given by Kelly and Laubitz are between 10--2 °K--I and 1()26 OK-I, whereas the values found in experiments are within the range 1Q4-lOI3 OK-I. This is the reason why the correction factors for the cases discussed by them vary a great deal where the parameters are changed; whereas, in this work, it is shown that the assumption of having a constant correction factor is a good one for all the experimentally possible cases. Thus, Lushchik's method is reported by Laubitz and Kelly to be out by as much as 15% in certain cases, while in this work it has been shown that the error does not exceed 3% for experimentally possible values of E and s. Moreover, as has already been shown above, the calculated E values are always higher than the correct ones, and thus by multiplying by the correction factor, which is in this case 0.976, the errors are reduced to less than ±O.4%.
The conclusions of Kelly and Laubitz therefore have to be modified, not only as a result of taking T m as the independent variable, but also because the v do not mention the fact that the errors are syste~atic and thus can be corrected easily as shown above. The accuracy of one of the discussed methods is thus dependent now on the values of AC a , ACT, and AC w (see Table VI ), rather than on the deviations of C a , C T , and Cw from unity. The influence of factors other than the "triangle area" assumption have also been checked by the computational calculation of the value of E in the various methods (Sec. 5). The additional systematic errors (usually small), due to inaccuracies in developing the formulas, can be partly corrected empirically (as far as computational results can be considered to be "empirical"), as shown in Sec. 5. As shown in Table  VI , the theoretical possible error for first order would be the largest in the T method, and the smallest in the 0 method, whereas the w-method accuracy would be intermediate. For second order, however, the w method provides the smallest possible theoretical error. It should be noted that the values of C Ii , C n and C w are only slightly dependent on the power factor, a, in s=s"ra, but are strongly dependent on the order of the process. . From this point of view, the method using the value of w is the best one.
Another experimental fact that should be taken into account is that in many cases a glow peak is not completely clean, but rather includes sometimes additional "satellites". If this satellite appears at the low-temperature half it can be bleached thermally by heating the sample up to above the temperature of the satellite. If the satellite appears at the high-temperature half of the peak, it cannot be cleaned thermally. From this point of view, the method using the value of T is expected to be the best one, whereas the method using 0 would probably give erroneous values. The accuracy with the w method will be intermediate in this respect. One can use, thus, the 0 method as a "precision" method for first-order pure peaks. The T method could be preserved for unclean peaks, where the influence of other peaks is appreciable. The w method is to be used for many intermediate cases as a "general use" method which also has very low theoretical error in second order.
When an indeterminacy exists about the order of the kinetics, methods using the low-temperature half of the peak (Halperin-Braner and Grosswiener) are pref .. erable since the value of T is the least sensitive to the order of the process. The poorest method in this respect is that using the high-temperature half peak, since 0 is very sensitive to the order of the kinetics (see Fig. 1 in Ref. 21) . As for the possible dependence of the preexponential factor on temperature, one should use the formulas assuming that s is independent of temperature if no information is available for the value of a in s=s"ya. Since a can be between -2 and +2,13 the errors could be up to ±2kT tn, which is usually not more than ±1O%. It is preferable, of course, to avoid this indeterminancy by getting some information about a. This is not so difficult in most cases.1O.13-15
The fact that the factor akT m should be subtracted from the calculated energy values was proved for the new w method and for the corrected Lushchik and Halperin-Braner methods, and was shown to be true for some of the other ones. This has a close relation to the analysis of Aramu et al. 6 about the initial-rise method. For a = 0, the energy was found to be
E= -kd(lnI) /d(1/T). ( 6.1)
If I is proportional to ya exp( -E/kT) , one has
where E' is the value found directly from the slope of the curve. Thus one has E=E'-akT. Table VII sums up the constants appearing in equations (6.5) and (6.6) for the varIOUS cases. All the calculations in this work have been done for a given heating rate {3=0.5 deg/sec. It is easy to see, however, that the parameter which is really meaningful is s/ {3 Cor s' /(3) and thus changing s is equivalent to variations in {3 (in the opposite direction). Since the preexponential factor was varied in a very wide range, it was not necessary to change {3 separately. 
This equation is solved in a way similar to the previous one, when the series up to 14 terms is used for the integral in the first approximation and during the iterations. The first approximation is taken to be 
Again, the approximation is seen to be very good when 14 terms were taken in this series. It should be noted that in all of these cases, the term "average" is in the sense of a middle value, the deviations from which do not exceed the values in percents given in parentheses.
C. First-Order Kinetics, S=S"L2
The intensity is given in this case by
Since the integrand here is integrable, one can find I (neglecting, as before, the very small term depending on To) analytically. The maximum temperature was found by solving numerically (iteratively) the cor- The equation governing this process is (1.5) whose· solution is (1.6). The maximum condition is given by (2.15 ). This has been solved numerically by, again, using 14 terms in the series (2.2) as an approximation to the integral. 1m is found by (2.16) and then TI and_ T2 are calculated in a way similar to the previous one,. When a step voltage is applied to injecting contacts on the ends of a long trap-free semiconductor, such as p-type germanium, an electron-hole plasma forms at the minority-carrier injecting end and propagates down the length of the bar. When the recombination time (T) is much longer than the small-pulse transit time (to), the leading edge of the propagating plasma arrives at the far end at ta= (!)to. The arrival is marked by a cusp in the time derivative of the current, which can he used to measure the minority-carrier mobility. After ta, the current acquires an exponential form, with a time constant equal to the recombination time. Approximate analytic solutions and numerical results indicate that the important recombination effects are small «2%) for r/to greater than about 2. Early-transient diffusion effects are small when (applied voltage/thermal voltage) 1/2 is greater than about 40. All the prominent features can be described in terms of simple physical concepts, and the theoretical predictions are verified by experiment.
I. INTRODUCTION
When a sufficiently high voltage is applied to injecting contacts on the ends of a long bar of an extrinsic semiconductor, a large-signal electron-hole plasma builds up in the bulk. The steady-state properties of this plasma have been studied extensively by several authors. 1 -6 This paper deals with the turn-on transient.
The general nature of the transient is well known. 7 • s The plasma forms at the minority-carrier injecting contact and propagates down the length of the sample in the direction of minority-carrier drift. In 1949, * Currently at RCA Laboratories, Princeton, New Jersey.
HerringS obtained a theoretical description of the propagating front for the special case of constant current in a semi-infinite medium. His solution indicated that for times short compared to a recombination time the electric field varies as Xl/2 behind a sharp advancing edge.
In 1966, Baron, Marsh, and Mayer 9 conducted a theoretical and experimental study of the transient following the application of an incremental voltage step to a long bar of silicon, which was already biased in the steady-state, double-injection square-law regime. (The step had to be such that the initial and final states were both in the square-law regime.) They found a resulting incremental current of the form, ilI=A+B[1-exp(-3/T)], where 3 is time and T is the recombination time.
In this paper we will show the relation between Herring's description and Baron et [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
